ABSTRACT
INTRODUCTION
Soybean is a major source of high nutritional quality protein and oil [1] , and its economic value can be determined by seed protein and oil content. Protein in soybean seed ranges from 341 to 568 g/kg with a mean of 421 g/kg, and oil ranges from 83 to 279 g/kg with a mean of 195 g/kg [2] . The concentration of saturated fatty acids in soybean oil ranges from 100 to 120 g/kg for palmitic acid and from 22 to 72 g/kg for stearic acid [3] . The mean concentration of unsaturated fatty acids in oil is 240 g/kg for oleic acid, 540 g/kg for linoleic acid, and 80 g/kg for linolenic acid [4] .
In the midsouthern USA, soybean is produced under both irrigated and non-irrigated conditions, with about 50% of soybean grown in the Mississippi Delta nonirrigated. This is mainly because soybean yield varies from season to season due to varying environmental conditions such as soil type, rainfall, temperature, and management practices [5] . To avoid drought stress during late July through early September, the Early Soybean Production System (ESPS) in the midsouth was developed using early maturing group cultivars (MG IV and V) planted in April through early May and harvested in August and September [6, 7] . Although the yield in ESPS has been shown to be higher under both irrigated and non-irrigated environments compared to the traditional production system, its effects on seed composition have not been thoroughly evaluated [8] . The change from conventional soybean production system to ESPS has shifted the time of oil and protein deposition to a warmer period, leading to possible change in the accumulation of protein, oil, and fatty acid rates. In the Mississippi Delta, USA, sulfur fertilizer is not commonly applied to the soybean crop because Delta soil has adequate nutrients. In general, 10 units of nitrogen used by the plants require one unit of sulfur, therefore, continuous removal of sulfur from soil or inhibition of sulfur uptake due to drought or high temperature may alter soybean seed composition (protein, oil, and fatty acids) since both N and S are essential components in seed composition constituents.
The physiological and biochemical roles of N and S have been previously reported for plants [9, 10] . Seed N concentration is correlated with N availability in plants, and the contribution of N remobilization to seed N accounted for 80% to 90% of total N in soybean [11] . Depending on growth stages [12] , seed N content differed significantly between R5, R6, and R7 growth stage, and the mean N contents were 6.28% at R5, 6.35% at R6, and 6.68% at R7 [13] . The majority of N demand takes place at the R5 developmental stage [14] [15] [16] , when seeds become the nutrient sink, and remobilization and translocation of N from vegetative tissues into the developing seeds occurs.
Relationships between seed composition and nutrient levels in soil and seed were previously reported [17] . For example, higher percentages of protein and oleic acid were accompanied by higher concentrations of N, K, B, and Zn in seed [17] . Recently, it was found that foliar boron application increased seed protein and oleic acid concentrations [18, 19] . The effect of large amounts of fertilizer N on soybean protein and oil concentrations was previously studied [7] . In their study, a significant decrease in seed protein concentration (2.7% and 1.9%), an increase in oil concentration (2.2% and 2.7%), and a decrease in the protein/oil ratio (4.7% and 4.6%) under irrigated and non-irrigated environments, respectively [7] were found.
In spite of the well-established role of N and S nutrition in plant growth and development, there is a lack of information on the effect of S alone or S + N combined on soybean seed composition in ESPS under irrigated and non-irrigated environments. Therefore, the objective of this study was to investigate the effects of S alone or S combined with N fertilizer on soybean seed protein, oil, fatty acids, and the physiological dynamics of leaf and seed S and N concentration under irrigated and nonirrigated conditions in ESPS.
MATERIALS AND METHODS
Two field experiments were conducted at the Delta Research and Extension Center, Stoneville, MS (33˚26'N latitude) in 2005, 2006, and 2007. One experiment was irrigated (I) and the second experiment was non-irrigated (NI)), and both experiments were conducted as previously described [6, 20] [12] . The soil was a silty clay loam with a texture of 16% sand, 44% silt, and 40% clay, with 2.17% organic matter, 0.9 g N/kg, and 92.30 mg S/kg. Different rates of S and S combined with N fertilizer were supplied as follows:
Control (C) = 0 kg·S/ha + 0 kg·N/ha; Treatment 1 (T1) = 22.4 kg·S/ha + 0 N; Treatment 2 (T2) = 44.8 kg·S/ha + 0 N; Treatment 3 (T3) = 67.2 kg·S/ha + 0 N; Treatment 4 (T4) = 0 kg·S + 112 kg·N/ha; Treatment 5 (T5) = 22.4 kg·S/ha + 112 kg·N/ha; Treatment 6 (T6) = 44.8 kg·S/ha + 112 kg·N/ha; Treatment 7 (T7) = 67.2 kg·S/ha + 112 kg·N/ha. Borders from each side of each plot to avoid contamination and carry-over to other plots were used. Sulfur and S + N were broadcasted at V3-V4 growth stage.
The experiment was furrow irrigated as needed to avoid severe water stress soil-water potential for irrigated soil ranged between 0 and −21 kPa over the growing season. For non-irrigated plots, the soil-water potential, especially during the critical stages of the crop development in June to August was as low as −191 kPa, depending on the year.
Experimental Design and Analysis
Each experiment was a randomized complete block design, with S and N fertilizer levels. Four replicates in each irrigation treatment were used. Analysis of variance using Proc GLM was conducted using SAS [21] , with level of significance of P ≤ 5%.
Soil and Seed Mineral Analyses
Analyses of soil and seed were conducted at The University of Georgia's Soil, Plant, and Water Laboratory, Athens, GA. Soil mechanical analysis and organic matter, using a loss on ignition method for 3 hours at 360˚C, were conducted. Fully expanded leaves were collected at R5-R6 stage, and seed samples were col-lected at full maturity. Nitrogen and S were analyzed in 0.25 g of leaf and seed samples using an elemental analyzer (LECO CNS-2000, LECO Corporation, MI, USA).
Protein, Oil, and Fatty Acid Analysis
Seeds were sampled from each treatment and analyzed for seed composition using a near-infrared (NIR) reflectance diode array feed analyzer (Perten, Springfield, IL) for protein, oil, and fatty acids [22, 23] . The calibration equation was developed by the University of Minnesota, using Perten's Thermo Galactic Grams PLS IQ software (Springfield, IL). The analysis was performed on the basis of dry matter [22, 24] . Throughout the study, we used (g constituent/kg seed dry weight) to refer to "concentration" of a constituent. We used "kg constituent/ha" to refer to the total constituent based on seed yield per ha.
RESULTS

Analysis of Variance: Seed Yield and
Seed N and S Under I conditions, there was no significant effect of S, N, or S + N supply (Fert) on yield, as expected ( Table   1) . Year was the main source of yield variability ( Table  1) . However, Fert was significant for the percentage of N and S in seed and leaf as well as, total N and S (kg/ha) ( Table 1) . Year was significant for seed N/S ratio and seed total S ( Table 1) . Year × Fert interaction was significant for total N only. Under NI, there was no effect of Fert on yield. Year was significant for seed S percentage, N/S ratio, and total S and N. Fert was significant for seed N/S ratio only. There was no year × Fert interaction for seed or leaf N or S ( Table 1) .
Analysis of Variance: Seed Protein, Oil, and Fatty Acids
Under I conditions, Fert effect was significant for protein, oil, oleic and linolenic acid concentrations (g constituent/kg seed) ( Table 2) . Year was significant for seed protein, oil, palmitic, stearic, oleic, and linolenic acid concentrations ( Table 2) . Year × Fert interactions were significant for protein, oleic, and linolenic acids concentrations. Under NI, year was significant for all seed composition constituents ( Table 2) . Fert was significant for protein, oil, palmitic, and linolenic acid concentrations ( Table 2) . Year × Fert interactions were significant for protein, oleic, and linolenic acids concentrations ( Table 2) . Total (kg/ha) seed composition cons tituents showed that under I conditions, year and Fert effects were significant for total seed constituents and showed similar trend as those of concentrations, except for total oil, where Fert had no significant effect ( Table  3) . No year × Fert effect was shown for total seed constituents ( Table 1) . Total seed constituents under NI showed that year and Fert had similar trend as those observed in seed concentrations, except that Fert had no significant effect for oil and palmitic acid. Fert × year interactions were significant for oil, palmitic, and linolenic acid (Table 3) , differing from those of concentration.
Mean Values: Yield and Seed Composition as Affected by S and S + N Supply (Fert)
No clear trend or significant effects of S, N, or S + N on yield were observed under I or NI conditions ( Figure  1) . Under I conditions, seed protein and oleic acid concentrations in 2005 were higher in T2 and T6 compared to C. Linolenic acid had the opposite trend of oleic acid under those treatments ( Table 4) . Seed oil was greater in C than in T6, and lowest in T1, T2, and T3 treatments. No clear trend of the effect of S or S + N supply on stearic, palmitic, and linoleic acids was observed. Total protein, oleic, and linolenic acid showed the same trend as those of concentrations under I conditions ( Table 4) T1 T2 T3 T4 T5 T6 T7  C T1 T2 T3 T4 T5 T6 T1 T2 T3 T4 T5 T6 T7  C T1 T2 T3 T4 T5 T6 Table 5) . Mean values for total seed protein and oleic acid under I conditions were the lowest in C compared with any of S or S + N treatments ( Table 5) .
In 2007 and under I, protein concentration was higher in all Fert treatments compared to C, and T2 and T6 had the highest protein concentrations ( Table 6 ). Oleic acid was highest in T2, T6, and T7. Total seed protein and total oleic acid showed similar trends as those of protein and oleic acid concentrations ( Table 6) .
Under NI, protein concentration was higher in C compared to all S or S + N treatments. For example, in 2005, depending on the S or S + N treatment, the percentage increase from the control ranged from 4.8 to 10.9% for protein and from 14.2% to 21.3% for oleic acid. The decrease in oil ranged from 8% to 14.8% and from 0% -42.6% for linolenic acid. This trend was also consistent for 2006 and 2007 (Tables 5 and 6) . Total protein and oleic acid showed the same trend as those of concentrations (Tables 4-6 ). C  1093  540  358  133  583  1438  275  1167  451  274  142  751  1315  145   T1  1317  637  417  158  676  1707  323  1147  565  334  156  723  1449  173   T2  1354  579  388  149  870  1585  297  1140  567  311  150  693  1380  166   T3  1384  637  472  170  675  1781  353  1112  556  315  154  675  1395  254   T4  1255  601  404  156  686  1653  301  1177  601  367  162  708  1528  265   T5  1398  655  390  170  775  1831  309  1072  536  279  146  598  1400  221   T6  1289  553  359  141  914  1506  240  1070  564  314  148  596  1421  198   T7  1504  690  447  168  797  1949  245  1118  587  305  152  630  1459 
Mean Values: Seed and Leaf S and N as Affected by S and S + N Supply
Under I, percentage (%) and total N and S (kg·N or S/ha) in leaf tissue and seed were higher in both T2 and T6 samples compared to C in 2005 and 2006 (Tables 7  and 8 ). N/S ratio was generally higher in C than T2 or T6. The opposite trend of N/S ratio in leaf was observed, i.e., N/S ratio was generally higher in T2 and T6 compared to the C ( Table 7) . Under NI, seed S percentage was higher in T2 and T6 than in C in 2005 and 2006, but seed N percentage was inconsistent across years ( Table  7) . Under NI, leaf N percentage in C was higher than other S or S + N treatments, and leaf S percentage was inconsistent across years ( Table 7) .
DISCUSSION Seed Yield and Seed N and S
Year was the main source for yield variability, indicating that yield is affected by yearly seasonal environmental factors such as drought and heat. There was no significant yield difference due to S, N, or S + N application in each year, but significant seed composition quality differences were observed under irrigated or nonirrigated. Year, Fert, and year × Fert interactions were the main source for protein, oleic, and linolenic concentrations variability under both I and NI conditions, indicating that the effect of S or S + N supply on seed composition depended on the environmental factors and S or Copyright © 2011 SciRes.
Openly accessible at http://www.scirp.org/journal/AS/ S + N management in each year. These environmental factors influencing seed constituents could be irrigation/drought or temperature [25] [26] [27] .
No consistency effects of fertilizer treatments were noticed on seed composition constituents, except for T2 and T6. This could be that a specific rate of S or S + N supply is required to result in seed composition changes. The increase of seed protein and oleic acid under I conditions in T2 and T6 compared to the C in 2005, 2006, and 2007 indicates that applying the rates (44.8 kg·S/ha alone or with N at 112 kg·N/ha) increased the concentrations and total seed protein and oleic acid. This may be due to the indirect effect of S on enzymes involved in de novo protein and oleic synthesis or enzyme activities, especially fatty acid desaturases. Also, S may have an indirect effect on S and N uptake and translocation from leaf tissues to seed at vegetative stages. It was reported that seed protein requires a high mobilization of stored vegetative N [28, 29] and S [30] to seed. This observation may be supported by the current results of S and N status in seed and leaves. For example, under I, concentrations of N and S in leaf tissue and seed ( Table 7) were higher in both T2 and T6 seed compared to C, possibly due to enhanced uptake and mobility of N and S resulted from S and S + N application. The consistent higher N/S ratio in 2005 and 2006 indicates that, compared to the C, the rate of increase of seed S in T2 and T6 was higher than the rate of increase in seed N in T2 and T6. For example, compared to C in 2005, the rate of increase in seed S was 5% in T2 and 40% in T6. However, the rate of increase in seed N was 22% in T2 and 20% in T6. The same general trend was noticed in 2006. The opposite trend of N/S ratio in leaf and seed indicates that the rate of leaf N increase in T2 and T6 was higher than the rate of leaf S increase. For example, the rate of increase in N in T2 was 36%, and in T6 was 44% compared to the increase of S in T2 (23%) and in T6 (17%). The dynamics of S and N status in leaves and seed indicate that there is a minimum level of both S and N required in tissues to impact seed S and N, and as a result, influencing seed protein, oleic acid, and linolenic concentrations. Therefore, the consistent higher seed protein and oleic acid in T2 and T6 than the C under I conditions indicate the significance of S or S + N application in altering seed constituents under irrigated conditions in ESPS in the Midsouth. Our results are consistent with the observation that seed protein required a high demand of mobilization of vegetative N [28, 29] and S [30] to seed. Since the level of N and S concentrations in leaf could limit seed constituent concentrations, especially protein and oleic acid, maintaining N and S concentration in leaf tissue at vegetative stage is important for higher total seed protein and oleic acid, especially under I conditions.
Under NI, N/S ratio did not change in S and N treatments compared to the C because N did not change in seed, although a small percentage of seed S increase in T2 and T6 was observed. The rate of increase in leaf S was higher in T2 and T6 compared to the C, but no leaf N change was observed, reflecting that the application of N may not lead to higher N in seed under non-irrigated. This may be due to lower uptake and mobility of N under NI conditions due to water stress. The inverse relationship between oleic and linolenic acid concentrations was expected, as it has been shown in previous research [25, 27] , and emphasized that the increase in seed quality for protein and oleic acid occurred at the expenses of oil and linolenic acid. Previous research showed that protein concentration may vary, depending on environmental stress factors such as temperature [27, 31] and drought [8, 31, 32] . It was reported that severe drought can lead to a decrease in protein concentrations [32] , but others reported that severe drought increased protein concentration and content by 4.4% and 10.8%, respectively, while oil concentration and content decreased by 2.9% and 18.0%, respectively [25] . Protein and oil have been shown to exhibit a strong negative correlation (r = -0.87), indicating their inverse relationship [7, 25, 27, 33] . It was suggested that drought during seed fill facilitates the deposition of a greater proportion of protein at the expense of oil, and 14.8% more protein and 18.3% less oil were found in seed from plants exposed to severe drought and high temperatures during seed fill [25] . On the other hand, other authors, working on soybean seed oil within genotypes differing in fatty acid profile, found that under irrigated vs. nonirrigated conditions oleic acid tended to be higher in eight of the nine genotypes, and linolenic acid was lower in six of the nine genotypes [34] and concluded that irrigation has little effect on unsaturated fatty acid content. It was showed that fatty acid percentage was consistent; however, subtle differences occurred in the profiles, concluding that irrigation did not significantly affect the fatty acid contents of MG IV or MG V [35] . Our results showed that seed protein and oleic acid increased and oil and linolenic decreased in the C compared with S or S + N supply under NI conditions. It appears that the increase of oleic acid under drought or higher temperature may suggest a possible role of this acid under environmental or chemical stresses [8, 17, 23, 26] . The inconsistent results in the literature of the effect of irrigation on protein and fatty acids could be due to cultivar differences [26, 36, 37] , maturity group differences [38] , or time to maturity [27] . This is because genotype × environment interactions were significant for seed yield, protein, and oil [22] .
Under ESPS conditions in the Midsouth, the period from June to August coincides with initial bloom to full bloom (R1-R2) in June, beginning pod to full pod to beginning seed in July, and full seed to full maturity in August. During July to August, the critical stage of seed development (seed-fill), water deficit reached -136 mm [26] . In our experiment under non-irrigated conditions, the soil water potential reached -192, -179, -110 kPa in June, and -68, -180, and -131 kPa in August, respectively, in 2005, 2006, and 2007. Our research, using automated soil water potential sensors, indicated that about -15 kPa represents the field capacity for our soil type, and -50 to -60 kPa represents water stress conditions. Generally, after a regular irrigation (once per 7 -10 days), soybean need about 57 mm of water to avoid water stress. This amount can increase to 76 mm, depending on the stage of the crop and soil type. Based on soil water potential and water deficit data, soybean in the NI experiment were grown under drought/water stress, especially during the critical stages, as indicated above. Table 9 ) [5, 39] . Therefore, the decrease in yield under NI and alteration in seed compositions, especially concentration and total protein, oil, oleic, and linolenic acid, could be due to drought.
CONCLUSIONS
Sulfur or N + S application under irrigated conditions significantly increased the concentration of N and S in seed and leaf as well as seed protein and oleic acid concentrations, but decreased oil and linolenic acid concentrations, demonstrating the significant effect of S or S + N management in altering seed constituents. The increased of oleic acid under NI in the C may suggest a possible role of oleic acid as drought stress indicator. The inverse relationship between seed protein and oil, and between oleic acid and linolenic acid concentrations remains a challenge for soybean breeders to select for higher protein and higher oils. The observation that higher protein or oil was accompanied with higher seed and leaf tissue N and S indicates that maintaining adequate levels of N and S in leaves and seed is important for maintaining higher protein and oleic acid, especially under irrigated conditions. Further studies are needed to investigate the response of other soybean cultivars to S or S + N fertilizers. Therefore, the current response trend of the studied soybean cultivar to N or S + N application cannot be generalized. Since commercial and public breeders are working to genetically modify soybean to produce increased oleic acid and decreased linolenic acid in the oil, the new knowledge obtained from our experiment help select target location to grow new value-added soybeans when they are released. Also, the results are beneficial for soybean industry for estimating total seed protein and oils for soybean processors under irrigated and non-irrigated conditions.
